An aerobic, gram-negative bacterium that causes seedling blight of rice was isolated from diseased rice seedlings and bed soil in nursery boxes in Chiba and Niigata Prefectures, Japan. The cells are nonsporeforming and nonencapsulated straight rods (0.7 to 1.0 by 1.4 to 1.9 Fm) that occur singly, in pairs, or in short chains and are motile with one to three polar flagella. The bacterium displays the characteristics of the genus Pseudomonas and can be clearly differentiated from Pseudomonas glumae and Pseudomonas avenae, which are known to cause seedling diseases in rice grown in nursery boxes, and from other bacteria. The deoxyribonucleic acid base composition is 64.8 mol% guanine plus cytosine. A new species, Pseudomonus phnturii sp. nov., is proposed. The type strain is NIAES 1723 (JCM 5492, AZ 8201). All strains of the new species produce the disease-causing substance tropolone (a nonbenzenoid aromatic compound with a seven-membered ring) and a reddish brown pigment which was considered to be a derivative of the substance.
In Japan, almost all rice seedlings are grown in nursery lboxes for machine transplanting under relatively well controlled environments, with the temperature and humidity usually being kept high. These conditions favor the occurrence of many diseases. The bacterial pathogens Pseudomo-,@as glumae and Pseudomonas avenae are known ta cause seedling rot (25, 26) and brown stripe (23), respectively, of rice in nursery boxes. With the increased use of machine transplanting, P. glumae, which was first recorded as the bacterial cause of grain rot (ll), has become the most important bacterial pathogen of rice in Japan.
Recently, a bacterial disease of rice seedlings whose symptoms are different from those caused by the bacterial agents listed above has occurred annually in Chiba (3), Niigata (12), and Miyagi (21) Prefectures, Japan. The early symptoms of the aerial parts are characterized by withering after chlorosis of the basal parts of the third leaves of the seedlings and closely resemble those caused by P. glumae. However, the symptoms developed thereafter are different from those caused by P. glumae in that the diseased seedlings infected with the pathogen under study become reddish brown and dry up without showing soft rot (6). Seedlings infected with P. glumae become brown and rot easily. When seedlings are severely infected, root growth is seriously impaired compared with that of seedlings infected with P. glumae, and the seedlings easily tumble over; hence, the symptoms are referred to as korobi-nae (seedling tumbling) in the northeastern part of Chiba Prefecture.
The Omigawa strain of a Pseudomonas sp. (named after the town from which it was first isolated) was obtained from lesions and bed soil and was found to be the causal agent of the disease. As this Pseudomonas sp. was different from P. glumae and P. avenae, bacterial seedling blight of rice was proposed as the name of the disease (5, 12). The pathogen appeared related to P. gladioli and P. glumae based on bacteriological characteristics. However, based on results of the present study that included P. glumaeT, P. gladioliT, P. gladioli pv. allicola (PDDCC 2804, pathotype strain), P. caryophylliT, P. cattleyaeT, and P. cepaciaT, the Pseudomo-* Corresponding author.
nas strains from rice seedlings appeared to be different pathologically and serologically, as well as in the symptoms induced and in some of the bacteriological characteristics from the other pseudomonads.
In this report, we describe the etiological agent of bacterial seedling blight of rice as a new Pseudomonas species for which the name Pseudomonas plantarii sp. nov. is proposed.
MATERIALS AND METHODS
Bacterial strains. The 130 strains used in this study are given in Table 1 .
Media and culture conditions. PPGA medium (peptone, 5 g; glucose, 5 g; Na2HP04 -12H20, 3 g; KH2P04, 0.5 g; NaC1,3 g; agar, 18 g; 1-liter decoction of 200 g of potato) (16) was used for isolation and culture, PSA medium (peptone, 5 g; sucrose, 20 g; Na2HP04 -12Hz0, 2 g; Ca(N03)2 -4H20, 0.5 g; agar, 18 g; 1-liter decoction of 200 g of potato [pH 71) (27) , Nutrient agar (meat extract, 10 g; peptone, 10 g; NaCl, 1.5 g; agar, 20 g; distilled water, 1 liter [pH 7.2]), and modified Ayers agar (NH4H2P04, 1 g; KCl, 0.2 g; MgS04 . 7H20, 0.2 g; agar, 20 g; distilled water, 1 liter [pH 71) (1) supplemented with 1% glucose and 100-ppm iron were also used for the description of the cultural characteristics. The minimum, optimum, and maximum temperatures for growth were examined by using Ayers solution supplemented with 1% glucose and YPGS medium (yeast extract, 1 g; peptone, 10 g; glucose, 5 g; sucrose, 5 g; NaCl, 3 g; distilled water, 1 liter [pH 71). Unless indicated otherwise, cultures were incubated at 28°C. Maintenance of strains. All the strains used were suspended in a 10% skim milk-1% sodium glutamate solution and preserved at -40°C. The strains were also preserved by lyophilization.
Cultural characteristics. The Omigawa strains as well as P. glurnaeT, P. gladioliT, P. gladioli pv. allicola, P. caryophylliT, P. cattleyaeT, and P. cepaciaT were examined for their cultural characteristics on the media described above.
Morphological characteristics. The cells of the Omigawa strains were cultured on a PPGA slant or in Ayers solution supplemented with 1% glucose at 28°C for 2 to 3 days. They T., Town; C., city; P., prefecture.
were examined by electron microscopy after staining with 1% phosphotungstic acid solution. Physiological and biochemical characteristics. The physiological tests were performed for the 66 isolates listed in Table  2 . Acid production from and utilization of carbon sources by the bacteria on the slants were observed at 2, 4, 7, and 14 days after transfer, and the tubes were incubated for an additional 2 weeks before a negative result was recorded. The basal medium of the test was Ayers agar. The concentrations of the sugars and organic acids were 1 and 0.15%, respectively. Nitrate reduction was determined on a nutrient agar slant containing 0.1% KN03 after 2 and 4 days of incubation. Nitrite was detected by applying 0.5% 01-naphthylamine and 0.3% sulfanilic acid solutions in 30% acetic acid on the slant. Zinc powder was used to detect false-negative reactions. Denitrification was determined by turbidity or gas production in nutrient broth containing 1% KN03 sealed with liquid paraffin. Observations were made after 1 to 7 days. Other physiological and biochemical characteristics were examined by using standard procedures (20) .
Serological characteristics. Antisera to Omigawa strain NIAES 1723, P. glurnaeT, and P. gladioli pv. gladioli NIAES 1064 were prepared in white rabbits. The rabbits were intravenously injected four times with suspensions (lo8 colonies per ml) of bacterial whole cells every 4 days, with the volumes of each suspension injected being 0.6, 0.6, 0.8, and 0.8 ml, respectively. The rabbits were bled 1 week after the final injections. The antisera were preserved by refrigeration or lyophilization. They were evaluated by tube agglutination tests. Serological relationships were observed by the agglutination method on glass slides and the Ouchterlony double-diffusion method, using a 1.1% agar gel containing 0.1% thimerosal.
Isolation of DNA and determination of G + C contents. Deoxyribonucleic acid (DNA) was isolated by the method of Takahashi (22) . The guanine-plus-cytosine (G + C) contents of the DNAs were determined for Omigawa strain NIAES 
The following characteristics were positive for all the 66 strains: aerobic growth, catalase and NH4 production, poly-p-hydroxybutyrate accumulation, growth ait 37"C, alkali production in BCP milk, acid production from D-glucose, D-galactose, D-fructose, L-arabinose, mannitol, sorbitol, and D-xylose, utilization of saccharate, malonate, citrate, and DL-p-hydroxybutyrate, and growth in Fermi's and Uschinsky's solutions. The following characteristics were negative for all the 66 strains: Gram reaction, organic growth factor requirement, production of fluorescent pigment and indole, gas production from sugars, acid production from erythritol, starch, inulin, and dextrin, tolerance to 5% NaCl, coagulation of milk, Voges-Proskauer test, and methyl red test. The cells of the Omigawa strains were 0.7 to 1.0 by 1.4 to 1.9 pm and motile with one to three polar flagella. They grew at 10 but not at 4°C. The optimum and maximum temperatures for growth were 32 to 35°C and 38"C, respectively. The strains did not produce pyocyanin and carotenoids, and did not utilize geraniol.
The 21 Omigawa strains were isolated from 1982 to 1984. The 33 strains of P. glumae include the 18 strains newly isolated in 1982 , and 1984 and AZ 84265) and 15 strains of the NIAES cultures.
+ , All strains became positive in 2 to 7 days; -, all strains negative; W, all strains weakly positive; DP(2W,W), all strains delayed positive (displayed weakly positive reaction 2 weeks after transfer); V, variable; f, not determined.
Different from the data of reference 7, although an accurate comparison cannot be drawn because of differences in methods and incubation time.
1723, P. glumueT, and P. gladioliT by the equilibrium density-gradient centrifugation method, using the following equation: mol% G+C = 1020.6 (D -1.6606), where D is the density of DNA.
DNA relatedness. DNA relatedness between P. gladioliT ;and Omigawa strain NIAES 1723 was assayed by a membrane filter method (28) . The DNA from P. gladioliT was labeled by nick translation, using [ c x -~~P I~A T P , and was denaturated by heating in boiling water for 5 min. The 30 pg of denaturated unlabeled DNA from each strain was fixed on ;a nitrocellulose membrane (20-mm square) and, with DNAfree membranes as a control, was incubated at 70°C with the labeled DNA in 2 X SSC ( l x SSC is 0.15 M NaCl plus 0.015 IM sodium citrate containing 0.1% sodium dodecyl sulfate for 20 h. After incubation, the filters were washed three times with 2~ SSC at 65"C, dried, and counted in a liquid scintillation counter. The percent relatedness was expressed as the amount of heterologous binding divided by the amount of homologous binding times 100.
Pathogenicity tests. The pathogenicities of the Omigawa strains and of the other pseudomonads to rice seedlings, rice grains, gladiolus, onion, carnation. clover, and mungbean seedlings were tested as follows.
(i) Seed-soaking inoculation of rice seedlings. The pathogenicities of 130 strains to rice seedlings were tested as follows. The rice seeds which had been chemically sterilized and had a 100% germination rate were soaked in an inoculum (lo8 colonies per ml) at 30°C for 2 days, and sown on bed soil in two small glass tubes (2.6 by 6.0 crn), each of which had been saturated with 15 ml of distilled water. They were incubated at 30°C for 4 days in the dark and allowed to stand in the laboratory for 2 days and in a glass house for 7 days. They were observed at 4, 6, and 13 days after sowing.
(ii) Spray inoculation of rice panicles. The suspensions (10' colonies per ml) of the Omigawa strains (eight strains) and P . glumaeT were sprayed on the rice panicles in the flowering stage, and the observation was made 3 weeks after inoculation.
(iii) Injection inoculation of rice leaf sheaths. The suspensions (lo8 colonies per ml) of the Omigawa strains, as well as of P . glumae (AZ 8204), P . gladioliT, P . gladioli pv. allicola, P . caryophylliT, P . cattleyaeT, and P . cepacia,T were injected into the rice leaf sheaths before heading of panicles. They were observed 16 days after inoculation.
(iv) Puncture inoculation of gladiolus, onion, carnation, and clover. The pathogenicities of 130 strains to detached gladiolus leaves were tested by puncture inoculation with a needle. The leaves were stored in sealed beakers after inoculation to keep a high level of humidity. The pathogenicities of some strains to onion, carnation, and clover plants were also tested. They were observed 1 to 7 days after inoculation.
(v) Seed soaking inoculation of mungbean. As P. gladioli pv. gladioli and P . glumae were found to be pathogenic to mungbean seedlings, the pathogenicities of all the strains used were tested. Fifteen seeds were sown on cotton in a petri dish (9 cm in diameter), which was saturated with 10 ml of distilled water and 10 ml of inoculum (lo8 colonies per ml).
Detection of tropolone. Tropolone (2-hydroxy-2,4,6-cycloheptatriene-1-one), a nonbenzenoid aromatic compound with a seven-membered ring (Fig. l) , was isolated from a shake culture of Omigawa strain NIAES 1723 (6). Tropolone production by all strains studied and by the nonpathogenic strains isolated from diseased seedlings and bed soil was examined by ultraviolet analysis of the ethyl acetate extracts of the shake culture media, because tropolone showed strong absorption at 320,353, and 370 nm in ethyl acetate.
RESULTS

Isolation of bacteria.
We isolated 105 strains which were pathogenic to rice seedlings from diseased rice seedlings and bed soil in nursery boxes. Their characteristics and those of related bacteria are described below. Although only one Omigawa strain (AZ 8202) isolated from bed soil on which diseased seedlings were grown was used in this study, the bacterium was easily isolated from bed soil exclusively and with a high frequency.
Cultural characteristics. On PSA plates, the colonies of all Omigawa strains were translucent, glistening, convex, and round with entire edges and a smooth surface having a slight tint of yellow. The color of the medium on which the strains were cultured did not turn yellowish green, unlike that on which some strains of P . glumae or P . gladioli were cultured. The Omigawa strains grew better on PPGA plates than on PSA plates, and the center of the colonies became tan 3 to 4 days after transfer, with the margin remaining translucent. On NA plates the growth of the strains was poor. On modified Ayers agar supplemented with 1% glucose and 100-ppm iron, growth of the strains was not as satisfactory as on PSA and PPGA plates. Many small reddish brown granules which had precipitated in the colonies 3 to 4 days after transfer also appeared later on in the medium around the colonies (Fig. 2) . This precipitation was not observed with the other pseudomonads. On PSA and PPGA slants, the strains appeared creamy white and glistening. 
The Omigawa strains, P. glumae, P. gladioli, and P . caryophylli could be differentiated in characteristics shown in boxes. A positive reaction for acid 21 Omigawa strains and 33 strains of P. glumae were used for all the characteristics; 40 Omigawa strains and 64 strains of P. glumae were used for boxed VW, All strains very weakly positive. For the other symbols, see Table 2 , footnote c. Different from the data of reference 7, although an accurate comparison cannot be drawn because of differences in methods and incubation time. Slightly weaker as compared with the other pseudomonads.
production from lactose might arise from mutants in the inoculum.
cliaracteristics.
Pigmentation. None of the pseudomonads used produced fluorescent pigments. All Omigawa strains weakly produced a reddish brown pigment in the media depending on the conditions of the cultures and media, but none of the other pseudomonads used produced the pigment. Some strains of I'. glumae and P . gladioli produced a yellowish green pigment(s) in the media. P . gladioli pv. allicola, P . caryophylliT, and P . cepaciaT produced water-soluble dark brown, water-insoluble brown, and water-insoluble yellow pigments, respectively. The pigment produced by the Omigawa strains in the slant media turned dark brown.
When the bacteria were shake cultured in the dark, dark red pigment granules adhered to the tube walls.
Morphological characteristics. The bacteria were nonsporeforming, nonencapsulated straight rods (0.7 to 1 .O by 1.4 to 1.9 pm) and motile with one to three polar flagella (Fig. 3) . They occurred singly, in pairs, or in short chains.
Physiological and biochemical characteristics. All Omigawa strains were nearly identical in their physiological and biochemical characteristics (Tables 2 and 3) .
None of the present strains was able to grow at 40°C in Ayers solution supplemented with 1% glucose, although VOL. 37, 1987 PSEUDOMONAS PLANTARII SP. NOV. 149   FIG. 4 . Serological relationships among P . glumae, P . gladioli, and P . plantarii. Wells: S (center), antiserum to P . glumaeT; A and G , suspensions of P . plantarii NIAES 1723 and AZ 8202, respectively; B to F, suspensions of P . glumae NIAES 1169T, AZ 8203, 8204, 8205, and 8215, respectively; H and I, suspensions of P . gladioli NIAES 1064 and 1065, respectively. When the precipitin bands were produced more closely to the center well, other fainter bands could be seen.
some of them were able to grow very slightly at 40°C in YPGS medium. On the other hand, most of the nonfluorescent pseudomonads tested could grow at 40°C in both media, although the growth of some P . gladioli strains was slightly delayed.
The Omigawa strains, as well as P . avenue, P . caryophylliT and P . cattleyaeT were oxidase positive. Although P . gladioli strains are usually reported to be oxidase positive, the reaction of some strains was so weak that it was recorded as negative.
Serological characteristics. The antisera to Omigawa strain NIAES 1723, P. glumaeT, and P . gladioli pv. gladioli NIAES 1064 had titers of 1/3,200, 1/3,200, and 1/800 against homologous antigens, respectively. The former two were diluted four times in this study.
(i) Ouchterlony double-diffusion method. (a) Antiserum to strain NIAES 1723. None of the 90 strains other than the Omigawa strains reacted with the NIAES 1723 antiserum. All of the 40 Omigawa strains produced one or two precipitin bands. The inner bands, which were closer to the center wall containing the antiserum, fused with one another (no spur formation). The outer bands were fainter than the inner ones.
(b) Antiserum to P . glumaeT. None of the 40 Omigawa strains reacted with antiserum to P . glumaeT. All 79 strains of P . glumae produced one or two bands (Fig. 4) . The inner 1 bands fused with one another. When the outer bands were as long as the inner ones, they also fused with one another. The strains of P . gladioli pv. gladioli as well as P . gladioli pv. allicola produced one or two bands, and the inner and sometimes the outer bands fused with one another, respectively; but the inner bands of P . glumae spurred over the inner bands of P . gladioli pv. gladioli and pv. allicola.
(c) Antiserum to P . gladioli p v . gladioli (NIAES 1064). None of the 40 Omigawa strains reacted with antiserum to P . gladioli pv. gladioli. All 79 strains of P . glumae produced one or two precipitin bands. The inner and sometimes the outer bands fused together. The strains of P . gladioli pv. gladioli and pv. allicola produced one or two precipitin bands, and the inner and sometimes the outer bands fused with one another. However, the inner bands of P . glumae spurred over the inner bands of P . gladioli pv. gladioli and pv. allicola.
(ii) Agglutination method. The results of agglutination tests are summarized in Table 4. G+C contents and DNA relatedness. The G+C contents of Omigawa strain NIAES 1723, P. glumaeT, and P . gladioliT were 64.8, 69.6, and 69.8 mol%, respectively. DNA-DNA reassociation between strain NIAES 1723 and P . gladioliT was 41%.
Pathological characteristics. (i) Seed-soaking inoculation of rice seedlings. P . glumae, P . avenue, and the Omigawa strains were pathogenic to rice seedlings. P . gladioli pv. gladioli sometimes retarded the growth of rice seedlings, although they did not always cause disease. The seedlings affected by the Omigawa strains became brown, the length of them did not exceed 1 cm (Fig. 5) , and the root growth was seriously impaired. The virulence of the strains was so strong that even when 1 drop of the inoculum (lo6 colonies per ml) was splashed onto the soil, the seedlings always showed the symptoms. In that case, chlorosis appeared on the third leaves, which was followed by withering and browning of the whole plants, but they never soft rotted, unlike those affected by P . glumae.
(ii) Spray inoculation of rice panicles. P . glumae and the Omigawa strains caused browning of grains, but only p . glumae caused whitening of grains, unlike the Omigawa strains. None of them caused distinct symptoms on the other parts of the rice plants.
(iii) Injection inoculation of rice leaf sheaths. Only P . glumae caused browning and whitening of grains. The Omigawa strains caused a slight browning of the leaf sheaths, but they did not cause browning of grains. P . gladioliT, P . gladioli pv. allicola, P . caryophylliT, P . 
Numbers within parentheses indicate the number of strains studied. 0, Ouchterlony double-diffusion method; A, agglutination.
+ + + and + + , Positive; -, negative; VW, very weakly positive.
cattleyaeT, and P . cepaciaT did not cause any symptoms on grains and rice plants.
(iv) Puncture inoculation of gladiolus, onion, carnation, and clover. All the strains of P . glurnae, P . gladioli pv. gladioli, P. gladioli pv. allicola, P . cepaciaT, and the Omigawa strains induced the formation of lesions on detached gladiolus leaves and onion scales, while P . caryophylEiT and P . cattleyaeT did only on onion scales and did not on detached gladiolus leaves. The Omigawa strains did not induce any lesions on carnation and clover plants.
(v) Seed-soaking inoculation of mungbean. P . gladioli pv. gladioli, P . glumae, and the Omigawa strains were pathogenic to mungbean seedlings, but the other pseudomonads were not, although there are possibilities of a change in their pathogenicity. The affected seedlings were completely rotted.
Tropolone production. All of the ethyl acetate extracts from the shake culture media of the 40 Omigawa strains showed absorption at 320, 353, and 370 nm (Fig. 6) , which indicated the production of tropolone by all the strains. The concentration of the tropolone extracted went up to about 120 ppm after 4 days (sometimes up to 160 ppm after 5 days) of transfer for every strain. Tropolone was not detected in 79 strains of P . glumae, in the other pseudomonads tested, or in the nonpathogenic strains isolated from nursery boxes. seems reasonable to group these strains together in a single species.
DISCUSSION
Failure to identify Omigawa strains. Phenotypically, the Omigawa strains are related to P . gladioli and P . glumae and slightly related to the other nonfluorescent pseudomonads such as P . andropogonis, I?. avenae, P . caryophylli, P . cepacia, P . cissicola, P . picketti, P . rubrilineans, P . rubrisubalbicans, and P . solanacearum, based on the criteria described in Bergay's Manual (18) and by Ballard et al.
(7), as well as to P . woodsii (17), P . ficuserectae (lo), P . pseudoalcaligertes subsp. konjaci (9), and P . oryzihabitans (13). However, all attempts to identify the present isolates on the basis of routine characteristics were unsuccessful.
P . gladioli and some of these species have been circumscribed in ribosomal ribonucleic acid (rRNA) group I1 of Pseudomonas species (18, 19), and P. glumae has also been shown to be related to it (8). The DNA relatedness level of 41% between Omigawa strain NIAES 1723 and P . gladioliT confirmed that the Omigawa strains are members of the group and that they are distinct from P . gladioli.
The differences between the present isolates and other pseudomonads studied are shown in Table 3 . They are clearly differentiated from P . cepaciu as well as from P . avenae and P . cattleyae. Although they are somewhat similar to P . caryophylli with respect to G+C content, they were different from P . caryophylli serologically and pathologically, as well as in many important bacteriological characteristics such as growth at 40°C, gelatin liquefaction, and utilization of carbon sources. Although they are related to P . glumae and P . gladioli, they showed differences in cultural, serological, and pathological characteristics as well as in important bacteriological characteristics such as growth at 40°C, denitrification, and G+C content. Tropolone was also isolated from the culture medium of a Pseudomonas sp. which was found among fungal colonies isolated from Bermuda grass (15). But the present isolates were different from it in at least 10 characteristics such as flagellation, gelatin liquefaction, acid production from glucose, rhamnose, mannitol, inositol, and sorbitol, utilization of citrate and malonate, and pigmentation.
Thus, the present strains could be differentiated so clearly from the other bacteria that they may be considered to represent a new species, which we named Pseudomonas plantarii sp. nov. Relationship of tropolone production to pigmentation and pathogenicity. A reddish brown pigment was produced in slant and liquid media by the Omigawa strains. When tropolone was being purified, the reddish brown pigment was always associated with it and remained in a weighing bottle after the tropolone was evaporated. Furthermore, when rice seeds were sown on an agar gel containing tropolone, dark reddish brown granules were formed in the agar gel. These pigments were considered to be tropolone derivatives (2).
Diseased seedlings infected with P. glumae readily displayed soft rot. When the isolation from the seedlings was performed in the late stage of the disease, secondary organisms were recovered with a high frequency. On the other hand, the diseased seedlings infected with the present strains withered and died but never rotted. When the isolation was performed in the late stage of the disease, a few secondary organisms were recovered.
Tropolone is known to have antibacterial (24) and antifungal activities (14); tropolone not only inhibits root growth (4, 6) but also induces chlorosis and blight on rice seedlings (2). It was eventually concluded that tropolone was responsible for the symptoms of seedling tumbling, chlorosis, and withering without rotting.
Tropolone activities were inhibited when iron in the form of ferrous sulfate and ferric chloride was added to the agar gel and bed soil on which rice seedlings were grown (5).
Description of Pseudomonas plantarii sp. nov. Pseudomonus plantarii (plan'tar. i. i. L. n. plantarium, seedbed; L.
gen. n. plantarii, of seedbed). Cells are gram negative, nonsporeforming, nonencapsulated straight rods (0.7 to 1 .O by 1.4 to 1.9 pm), motile with one to three polar flagella, and occur singly, in pairs, or in short chains. Aerobic. Colonies are translucent, glistening, convex, and round with entire edges and a smooth surface having a slight yellow tint. Colonies weakly produce a water-soluble reddish brown pigment depending on conditions of the culture and media. 
